Living vertebrate diversity comprises hagfishes and lampreys (Cyclostomata), elasmobranchs and holocephalans (Chondrichthyes), and bony fish which include tetrapods (Osteichthyes). Based on dissections and an extensive comparative analysis, we provide an updated overview of the anatomy, homologies and evolution of cyclostome and chondrichthyan cephalic muscles, with osteichthyans as primary comparative taxa. The analysis also infers plesiomorphic conditions for vertebrates and gnathostomes. We follow a uniform myological terminology for the Gnathostomata to demonstrate that the last common ancestor of extant vertebrates probably had a single intermandibularis and other mandibular muscles (labial muscles), some constrictores hyoidei and branchiales, and epibranchial and hypobranchial muscle sheets. The division of the cucullaris into levatores arcuum branchialium and protractor pectoralis is an osteichthyan synapomorphy and reflects an evolutionary trend towards a greater separation between the head and pectoral girdle that culminated in the formation of the tetrapod neck. Hence, this paper addresses a long-standing, central issue regarding vertebrate comparative anatomy. It thus provides a valuable basis for future evolutionary, developmental and functional studies of vertebrates and/or of specific vertebrate subgroups/model organisms.
INTRODUCTION
Vertebrates represent one of the most successful evolutionary radiations. The extant diversity consists of jawless (cyclostomes: hagfishes and lampreys) and jawed (gnathostomes) forms. The Gnathostomata comprises nearly 60 000 species (about 99% of all living vertebrate species) and includes bony fishes and tetrapods (Osteichthyes: Actinopterygii and Sarcopterygii) and cartilaginous fishes (Chondrichthyes: Holocephali and Elasmobranchii) ( Fig. 1 ; Heimberg et al., 2010) . In this paper, we set out to provide an updated, comprehensive overview of the cephalic muscles of non-osteichthyan vertebrates. This analysis is based on our dissections of cyclostomes (sea lamprey; Atlantic hagfish) and chondrichthyans (spiny dogfish, common smoothhound, spotted ratfish and little skate) and a synthesis of primary literature about the evolution and development of the cephalic muscles in vertebrates. Then we compare the cephalic muscles of these nonosteichthyan groups with those of osteichthyans, based on our previous dissections and review of the literature (Diogo & Chardon, 2000; Diogo, Chardon & Vandewalle, 2001 , 2004 Diogo, 2004 Diogo, , 2005 Diogo, , 2007 Diogo, , 2008 Ziermann & Olsson, 2007; Diogo et al., 2008 Diogo et al., , 2009a Ziermann, 2008; Diogo, Doadrio & Vandewalle, 2009b; Diogo & Abdala, 2010; Ziermann & Diogo, 2013 . This comparative analysis uncovers evolutionary patterns of the cephalic muscles across early vertebrate lineages. To enhance comparison further, we also propose a standardized myological terminology for gnathostomes, which enables tracing muscles and muscle groups along a phylogenetic tree within this highly successful clade. Finally, we address long-standing challenges about vertebrate comparative anatomy, such as the connection between the head and pectoral girdle.
The early evolution of vertebrates -particularly the emergence of the vertebrate head patterning and the origin of the gnathostome jaws -has fascinated comparative anatomists and evolutionary and developmental biologists for centuries (for major reviews, see Gegenbaur, 1888; Goodrich, 1958; Gans & Northcutt, 1983; Hanken & Thorogood, 1993; Kuratani et al., 2001 Kuratani et al., , 2013 Cerny et al., 2004; Kuratani, 2004 Kuratani, , 2005a Kuratani, , 2012 Olsson, Ericsson & Cerny, 2005; Shigetani, Sugahara & Kuratani, 2005) . This fascination has recently attracted approaches from evo-devo (evolutionary developmental biology) and culminated in numerous studies about the crucial role played by neural crest cells in the development and evolution of the vertebrate skull (e.g. Gans & Northcutt, 1983; Kimmel, Miller & Keynes, 2001; Santagati & Rijli, 2003; Bronner & LeDouarin, 2012; and references therein) . A resurgence of interest in comparative anatomy has largely kept pace with the progress in evo-devo, with cyclostomes and chondrichthyans highlighted as crucial comparative taxa to understand the origin and early evolution of vertebrate structures (e.g. Janvier, 1996 Janvier, , 2007 Kuratani et al., 2001; Kuratani, 2004 Kuratani, , 2005a Kuratani, , b, 2008a Kuratani, , b, 2012 Shigetani et al., 2005; Cerny et al., 2010; Medeiros & Crump, 2012; Gillis, Modrell & Baker, 2013; Kuratani et al., 2013; Green & Bronner, 2014) .
Despite increasing attention to the skeletal characters, however, few recent works focus on soft tissues such as muscles. Consequently, no standard myological nomenclature exists for deep-branching vertebrate taxa. Specific muscles in cyclostomes and chondrichthyans are often referred to under general terms for muscle subgroups (e.g. labial muscles, jaw adductors). The resulting nomenclatural confusions are further exacerbated by the lack of reference to a specific taxon and by the lack of a test for phylogenetic congruence within a lineage (e.g. Mallatt, 1997 Mallatt, , 2008 González-Isáis, 2003; Clark, Maravilla & Summers, 2010) . For example, there is little information in simply comparing 'labial muscles' of 'lampreys' and 'sharks' (Mallatt, 1996) , because no specific muscles are identified and because individual muscles may represent conditions specific to Tables 1-4. particular species rather than conditions general to the lineage.
The conventional nomenclature, primary anatomical descriptions and comparative analyses of the vertebrate musculature largely stem from pioneering monographs published before 1945 (e.g. Humphry, 1872; Edgeworth, 1911 Edgeworth, , 1935 Lubosch, 1914; Luther, 1914; Huber, 1930a, b; Kesteven, 1942 Kesteven, -1945 . However, none of these classics included detailed descriptions of the cyclostomes, and, with the exception of Edgeworth (1935) , did not treat all subgroups of head muscles. Anatomical descriptions of the cyclostome muscles published roughly in parallel did not make comparisons to gnathostomes or between cyclostomes (Fürbringer, 1875; Cole, 1907; Tretjakoff, 1926; Marinelli & Strenger, 1954 , 1956 . With recent evolutionary and developmental insights such as the patterning role of neural crest cells in specifications and configurations of muscles (Olsson et al., 2001; Ericsson et al., 2004; Matsuoka et al., 2005; Rinon et al., 2007; Diogo & Abdala, 2010) , these primary anatomical descriptions now await revision and a synthesis.
Cyclostomes are our primary focus in comparison of the vertebrate cephalic muscles. Despite having many highly peculiar morphological features, hagfishes and lampreys are crucial to study the evolutionary transitions from non-vertebrate animals to gnathostomes (e.g. Huxley, 1876; Holmgren, 1946; de Beer, 1951; Marinelli & Strenger, 1954 , 1956 Fritzsch & Northcutt, 1993; Horigome et al., 1999; Kuratani, 2005b; Clark & Summers, 2007; Ota, Kuraku & Kuratani, 2007; Clark et al., 2010; Miyashita, 2012 and citations therein) . Comparative data from cyclostomes would allow use of a phylogenetic approach to constrain the origin and early evolution of the vertebrate cephalic muscles. Such an analysis will also predict the muscular configurations in the last common ancestors (LCAs) of living vertebrates and of gnathostomes. The cephalic muscles of cyclostomes have been described in some detail by, for instance, Marinelli & Strenger (1954: Lampetra fluviatilis) , Marinelli & Strenger (1956: Myxine glutinosa) and Miyashita (2012: Eptatretus stoutii) . Functional analyses of the feeding in hagfishes (Clark & Summers, 2007; Clark, Maravilla & Summers, 2010) provide kinematic data on the muscles of the lingual apparatus. However, these studies are limited in taxonomic sampling, leaving uncertainties about phylogenetic congruence of characters.
We also provide first-hand anatomical data for the cephalic muscles of chondrichthyans. This is because chondrichthyans have long been used as a model for basal conditions of the vertebrate anatomy (Balfour, 1878; Goodrich, 1930) , because the musculature in placoderms (stem gnathostomes) seems to agree well with the chondrichthyan counterparts (Johanson, 2003; Trinajstic et al., 2013) , and because the muscular homologies with those variable among osteichthyans have been tested (Anderson, 2008; Diogo & Abdala, 2010) . Post-Edgeworth primary literature on the chondrichthyans cephalic musculature consists of Lazier (1945) , Didier (1987) , Miyake, McEachran & Hall (1992) , Mallatt (1997) , González-Isáis & Domínguez (2004) , and Soares & Carvalho (2013a, b) , among others. We included osteichthyans in the comparative analysis to avoid erroneously treating chondrichthyans as a general gnathostome model. It has become increasingly clear that neither chondrichthyans nor osteichthyans serve as a model for the primitive, general gnathostome pattern. For example, the placoderm Entelognathus suggests that the gnathostome LCA had osteichthyanlike marginal jaw bones that are absent in chondrichthyans (Zhu et al., 2013) . Therefore, congruence between chondrichthyans and osteichthyans is necessary to establish any synapomorphic conditions for gnathostomes.
The tree topology ( Fig. 1) represents the phylogenetic framework that we use in testing homology and inferring ancestral states. We treat cyclostomes as a monophyletic clade with caution. Although morphological, physiological and/or palaeontological data have traditionally supported paraphyly of cyclostomes (e.g. Donoghue & Smith, 2001; Gess, Coates & Rubidge, 2006; Near, 2009; Miyashita, 2012 and citations therein), molecular data supporting the cyclostome monophyly have increasingly gained popularity (e.g. Stock & Whitt, 1992; Lipscomb et al., 1998; Kuraku et al., 1999; Delarbre et al., 2002; Furlong & Holland, 2002; Takezaki et al., 2003; Blair & Hedges, 2005; Delsuc et al., 2006; Kuraku & Kuratani, 2006; Mallatt & Winchell, 2007; Near, 2009; Heimberg et al., 2010) . Developmental insights appear to reinforce the latter view. In particular, the embryonic development of the hagfish Eptatretus burgeri has revealed that developmental features previously considered unique to hagfish are either experimental artefacts nor misinterpretations. Both hagfishes and lampreys exhibit neural crest development comparable to that of gnathostomes, arcualia-like elements derived from sclerotomes, a nasohypophyseal process that is exclusive to cyclostomes and absent in gnathostomes, and other characters typically reduced or less specialized in ontogeny such as lenses, a spleen and a lateral line system (e.g. Wicht & Northcutt, 1995; Ota et al., 2007 Ota et al., , 2011 Kuratani & Ota, 2008a, b; Oisi et al., 2013) . Therefore, we accept that cyclostomes diverged from gnathostomes early in vertebrate evolution at about 430-520 Mya (e.g. Kuratani, Kuraku & Murakami, 2002; Kuraku & Kuratani, 2006; Sugahara et al., 2013) .
With cyclostome monophyly, five types of phylogenetic distribution of similar muscles are expected: (1) features present both in cyclostomes and in gnathostomes probably represent vertebrate synapomorphies (present in the vertebrate LCA); (2) features inferred to be present in the gnathostome LCA (based on comparison among gnathostomes) but absent in cyclostomes may represent gnathostome synapomorphies; (3) features inferred to be present in the cyclostome LCA but absent in gnathostomes may represent cyclostome synapomorphies; (4) features present in two of the three lineages (hagfishes, lampreys and gnathostomes) may represent either reversal or secondary apomorphies, i.e. may have either arisen in the vertebrate LCA (subsequently lost in one lineage) or independently evolved in two of the lineages; and (5) features only present in one lineage probably represent specialization within the lineage. Therefore, this paper forms a basis for future evolutionary, developmental and functional studies of the vertebrate cephalic musculature.
MATERIAL AND METHODS
We dissected the cephalic muscles in the following species: Myxine glutinosa Linnaeus, 1758 (Atlantic hagfish; Myxinoidea, Cyclostomata; 2 juveniles); Petromyzon marinus Linnaeus, 1758 (sea lamprey; Petromyzontiformes, Cyclostomata; 3 spawningphase females); Hydrolagus colliei (Lay & Bennett, 1839) (spotted ratfish; Holocephali, Chondrichthyes; 3 juvenile females); Squalus acanthias Linnaeus, 1758 (spiny dogfish; Elasmobranchii, Chondrichthyes; 3 juvenile males); and Leucoraja erinacea (Mitchill, 1825) (little skate; Elasmobranchii, Chondrichthyes; 3 juvenile females) (Fig. 1) . Furthermore, we dissected the branchial muscles of Mustelus laevis (syn. Mustelus mustelus, Linnaeus, 1758; common smooth-hound; Elasmobranchii, Chondrichthyes; 1 juvenile) for direct comparison with the spiny dogfish and to resolve inconsistencies in the descriptions of Mustelus (Kesteven, 1942 (Kesteven, -1945 ; e.g. levatores arcuum branchialium). The spiny dogfishes, the little skates and the Atlantic hagfishes were provided by Michelle Bailey (Mount Desert Island Biological Laboratory), by Nicholas Johnson (Hammond Bay Biological Station) and by Nicole Theodosiou (Union College). The spotted ratfishes were bought from Ward's Natural Science, and the common smooth-hound was provided by Edwin Gilland (Howard University).
For dissections, we used a dissecting microscope (Nikon SMZ-2B) equipped with a Nikon DS Fi1 5 Megapixel Color Camera Head and a Nikon digital camera (D90). We stained muscles with iodine solution during dissections to enhance the contrast. We reduced background and outlined muscles using Adobe Photoshop. The myological terminology used in the present paper follows, and in some cases supplements, that proposed by Diogo & Abdala (2010) . The principle is to name muscles based on probable homologies, embryological characteristics and the nomenclature in human anatomy. We apply the same principle to chondrichthyans, and therefore construct a unified terminology for the entire gnathostomes. Although gnathostomes are a highly diverse group, all the extant gnathostomes share a common and readily recognizable bauplan, which allows our pan-gnathostome standardization of the muscular terminology. In contrast, cyclostomes (lampreys and hagfishes) exhibit striking anatomical differences from each other and from gnathostomes. Although we propose muscular homologies among the three lineages, a conservative approach is to follow the traditional nomenclature for cyclostomes (Marinelli & Strenger, 1954 , 1956 ) until the hypothesized homologies are supported by further evidence such as specific gene expression patterns and knockdown phenotypes (for a list of synonyms in the myological terminology of cyclostomes, see Supporting Information, Appendix S1).
RESULTS
Tables 1-4 list the muscles of the adult representatives of the non-osteichthyan extant vertebrate taxa dissected by us (in these tables and the main text, our descriptions of selachians are based on Squalus acanthias, and not on Mustelus laevis; in those cases where there are significant differences between the muscles of these species, these will be mentioned in the text below). The cephalic muscles are divided into four main groups, following Edgeworth (1935) and Diogo & Abdala (2010) : mandibular muscles [trigeminus, or cranial nerve V (CNV)]; hyoid muscles [fascialis (CNVII)]; branchial muscles (including the branchial muscles sensu stricto that are innervated by glossopharyngeus (CNIX) and vagus (CNX) nerves, and the other branchial muscles that are normally innervated by the accessory nerve (CNXI) such as cucullaris, as well as the laryngeal, coracobranchial and epibranchial muscles]; and hypobranchial muscles (usually innervated by spinal nerves). Within each of the main groups, we identified homologues based on anatomical similarities and developmental evidence for conserved positions and functions (Tables 1-4) . To avoid confusion, we use bold type to contrast muscles of the same group against those from the adjacent region under each subsection (e.g. all mandibular muscles are in bold type under the subsection of mandibular muscles).
MYXINE GLUTINOSA -ATLANTIC HAGFISH

Mandibular muscles
The eyes are reduced, and the terminal nostril and the subterminal mouth are surrounded by four pairs of tentacles that are moved by muscles. The diameter of the nostril can be narrowed by the subnasonasalis Intermandibularis post.
Intermandibularis
Intermandibularis post.
Intermandibularis ant. 
The hypothesis of homology in the cranial muscles between Myxine and Petromyzon is not always unambiguous. Therefore, some muscles of Petromyzon appear twice. The hypothesis that is less likely is indicated by parentheses around the muscle. Numbers inside squared brackets correspond to the number of muscles present in the respective group of muscles (e.g. H. colliei has four labial muscles). Add. mand. = adductor mandibulae; ant. = anterior; bpio = but present in other; LCA = last common ancestor; post. = posterior; lev. = levator. Ziermann & Diogo, 2013 showing that the chondrichthyan cucullaris and the osteichthyan protractor pectoralis develop anatomically from the anlage of the true branchial musculature sensu Diogo & Abdala (2010), we consider here these muscles as true branchial muscles, but it should be noted that other authors (e.g. reviews of Sambasivan et al., 2011; Miyashita, 2012) and in some way our dissections suggest that they might derived instead/also from the epibranchial musculature (see Discussion).
( Fig. 2D, F) . The oral cavity has a transverse muscle (transversus oris) that leads to a broadening and flattening of the mouth upon contraction (Fig. 2C , F, G), which is involved in the 'head depression' stage during feeding (Clark & Summers, 2007) . The head does not show the typical gnathostome regionalization but numerous nerves can be found towards the tentacles and on the lateral part of the head (Fig. 2C, D) . A branch of the trigeminal nerve (CNV1 -ramus ophthalmicus 1) passes below the skin at the origin of the tentacularis posterior. Below this muscle, another trigeminal branch (CNV2 -rami tentaculares 1-4) emerges from below the cornual cartilage and extends anteriorly to split into numerous small branches. Below the nasalis lies yet another trigeminal branch (CNV1 -ramus ophthalmicus 2). The nasal capsule provides attachment for three muscles that reach the top of the head. The most dorsal of the three (nasalis) overlaps the nasal capsule, with its origin at the perioptic membrane and the last two nasal arches, and inserts onto the dorsal nasal tube membrane, the second nasal arch, the paranasal tuber and the paranasal rod ( Fig. 2A, F) . The tentacularis posterior is latero-ventral to the nasalis ( Fig. 2A) and originates anteriorly to the eye at the perioptic membrane and inserts onto the upper nasohypophyseal process, the tentacular cartilage and the oral tentacular cartilage. Below the tentacularis posterior is the large palatosubnasalis (Fig. 2B, F ) that connects the rostral end of the subnasal cartilage to the nasal capsule and the parietalis (a trunk/epibranchial muscle). The palatosubnasalis originates from the lateral wall of the nasal capsule, the fascia of the underlying cornuosubnasalis, the commissure of the two palatinal cartilages, and the posterior third of the cornual cartilage. This muscle becomes smaller anteriorly and passes medially to insert onto the subnasal cartilage. Removing the nasalis, tentacularis posterior and palatosubnasalis, numerous underlying mandibular muscles appear. These muscles: (1) are related to the tentacle apparatus; (2) suspend the ventral head skeleton; or (3) protract or retract the dental plates. The most anterior part of the head houses muscles with diverse fibre directions. Individual muscles are difficult to separate, but collectively extend between the cartilages of the tentacles (cartilagines tentaculi), the subnasal cartilage and the anterior end of the arcus lingualis. The transverse orientated fibre group that includes some vertical fibres is the transversus oris (Fig. 2F) . Posteriorly, the tentaculosubnasalis (Fig. 2B , C, F) consists of dorso-ventrally orientated fibres between the subnasal cartilage and the oral tentacle. Likewise, basitentacularis ( Fig. 2D-F ) occurs in this position but extends to the anterior edge of the arcus lingualis. The subnasobasalis (Fig. 2D, F ) is only partially separated from this group of fibres, extending from the subnasal cartilage to the same insertion site with the transversus oris, tentaculosubnasalis and basitentacularis.
The coronarius (Fig. 2F , G) consists of a small group of fibres closely attached to the dorsal branch of the coronar cartilage (part of the tentacular cartilage; Fig. 2B ), whereas the cornuosubnasalis has two bundles with different fibre directions between the subnasal cartilage and the cornual cartilage (Fig. 2C , F, G). Between the lingual cartilages and the chondrocranium lie two muscles with fibres at a right angle to each other. The anterior one is the subnasobasalis (Fig. 2D , F, G). The posterior one (levator cartilagines basalis) originates from the cornual cartilage and the fascia above the craniobasalis and overlaps the subnasobasalis at its insertion ( Fig. 2F, G) . The craniobasalis originates from the ventral fascia of the tentacularis posterior, the dorso-lateral surface of the palatocoronarius, the perioptic membrane and the parts of the palatal arch, and inserts to the anterolateral and middle lingual cartilages ( Fig. 2D-G) .
The dorsal deep muscles of the head originate from the lateral palatine commissure and pila anterior. The muscle fibres (palatinalis lateralis) extend anteroventrally in a tendon, inserting ventrally onto the cornual cartilage (Fig. 2F, G) . The palatocoronarius passes dorsal and lateral to it and inserts onto the coronar cartilage (Fig. 2F, G) . The retractor mucosae oris sits ventro-laterally to it, originating from the anterior border of the arcus lingualis and covering the buccal cavity externally (Fig. 2F, G) .
The next group of muscles moves the tooth plates and the lingual cartilages (arcus lingualis). It comprises the long longitudinalis linguae (Fig. 2F , G) that inserts onto the posterior border of the tooth plate (cartilago dentifera) and a muscle with two band-like bundles (protractor dentium profundus) that extends from the posteroventral portion of the lingual apparatus to the anterior border of the tooth plates via a tendinous insertion ( Fig. 2E-G) . The rectus (the anterior part of which seems to correspond to the hypobranchial musculature of other vertebrates) passes between the two bands. The perpendicularis originates from the cartilago musculi perpendicularis, which is an elongate cartilage at the posterior end of the lingual apparatus. The fibres of the perpendicularis are antero-dorsally orientated toward the medial tendon of the longitudinalis linguae. The protractor dentium superficialis inserts via a band of connective tissue at the tooth plate ( Fig. 2D-F) . The tubulatus is a long tube-like muscle that functions as a constrictor (Fig. 2F, G ). This muscle originates from the lingual arches, surrounds the longitudinalis linguae and inserts onto the posterior part of the lingual apparatus. Its anterior fibres cover the cartilaginous arch of the metotic fenestra.
The velar apparatus extends into the pharynx. The craniovelaris anterior dorsalis and ventralis serve as attachment for the velar apparatus (Fig. 2F ). The dorsal portion extends from the perichondrium of the chordal process, nasopharyngeal bar, nasal capsule and palatal arch, whereas the ventral portion comes from the palatal arch. The anterior continuation of the craniovelaris anterior dorsalis and ventralis gives rise to the palatocoronarius (Fig. 2F ). The craniovelaris posterior originates from the chordal process and the lateral edge of the nasopharyngeal plate and inserts onto the lateral velar cartilages (Fig. 2F ). The spinovelaris originates from the most anterior region of the notochord and inserts postero-medially onto the velar cartilage (Fig. 2F ).
Hyoid muscles
The protractor cartilagines basalis anterior (Fig. 2D , F, G) is continuous with the levator cartilagines basalis (a mandibular muscle) and attached to the fascia of other muscles (the mandibular muscles tentacularis posterior and craniobasalis, and the hyoid muscle craniolingualis) and the perioptic membrane. In its insertion, the muscle is anchored to the fascia of the posterior portion of the craniolingualis and the junction between the lingual cartilages, the middle lingual cartilage and the first pharyngolingual arch (Fig. 2D) . The protractor cartilagines basalis posterior extends from the pila anterior (cartilage anterior to window/fenestra under otic capsule) to the posterior part of the lingual cartilage (Fig. 2D , F, G). The craniolingualis (Fig. 2F) originates from the lateral edge of the craniobasalis (a mandibular muscle) and the medial surface of the parietalis (a trunk/epibranchial muscle) and inserts onto the fascia of the protractor cartilagines basalis anterior and the protractor dentium superficialis (a mandibular muscle). The craniohyoideus connects the otic capsules and the distal part of the first external arcus lingualis (Fig. 2D , F, G).
Branchial muscles
There is only one pair of external branchial openings in M. glutinosa. The constrictor branchiarum originates from the mesentery, ventro-medially to the parietalis. The fibres extend ventrally, but not as a continuous sheet muscle, and inserts onto the connective tissue that surrounds the efferent branchial ducts, the surface of the heart and the fascia of the branchial pouches and the perpendicularis (a mandibular muscle). The most anterior fibres (constrictor pharyngis) of the muscle originate from the lateral tissue of the chorda and the branchial region to the lingual apparatus and insert at the lateral borders of the posterior lingual cartilages (Fig. 2D , F, G).
The parietalis is a peculiar muscle because it occupies part of the trunk region and also part of the epibranchial region ( Fig. 2A) , its anterior portion seemingly corresponding to the epibranchial musculature of lampreys. Thus, the parietalis is treated under this Section. The posterior bundles of the parietalis originate from its contralateral pair, and from the membrane of the notochord. The anterior bundles of the parietalis (which include the portion that seemingly corresponds to the epibranchial musculature of lampreys) originate additionally from the spinal membrane, the perioptic membrane, the latero-dorsal surface of the facial skeleton, the lateral surface of the otic capsule and the neurocranial membranes. The insertions of the parietalis are onto the neighbouring bundles of the same muscle, the membrane over the lateral side of the mandibular muscle protractor dentium profundus (facial to fourth segments) and the dorsal surface of the slime glands. The anterior ventral portion of the parietalis extends anteriorly to approach the tentacle region. The parietalis does not reach the ventral midline, ending at the dorsal surface of the slime glands, and does not show horizontal septa.
Hypobranchial muscles
The obliquus passes over the latero-ventral fascia of the parietalis (a trunk/epibranchial muscle) ( Fig. 2A) , and extends ventrally to insert with its contralateral muscle onto a median raphe. Ventrally to, and continuous with, the obliquus is the decussatus. This muscle extends from the ventral border of the parietalis (a trunk/epibranchial muscle) and the slime glands towards the midline where it fuses with its contralateral muscle. The anterior portion of the rectus clearly seems to correspond to the hypobranchial musculature of other vertebrates. The rectus is dorsal to the decussatus (Fig. 2D, F, G) , and is connected posteriorly to the sphincter cloacae (a somatic muscle) and inserted between the protractor dentium profundus (a mandibular muscle) at the ventral surface of the middle lingual cartilage.
PETROMYZON MARINUS -SEA LAMPREY
Mandibular muscles
The annularis is a constrictor muscle that inserts onto the cartilago annularis (Fig. 3A, B, F) . The apicalis lateralis is a small muscle lateral to the insertion of the tendinoapicalis onto the cartilago apicalis. The copuloglossus rectus extends from the cartilago pistoria to the cartilago copularis (Fig. 3E, F) . Its insertion is overlapped by the spinosocopularis (Fig. 3B , E, F), which originates at the posterior cartilago spinosa. This cartilage and the anterior cartilago spinosa are connected with the anterior and posterior cartilagines tectoria by the tectospinosus anterior and posterior (Fig. 3A , E). The annuloglossus (Fig. 3B , E, F) originates laterally to the copuloglossus rectus from the cartilago pistoria and inserts via a long tendon onto the cartilago annularis. The copuloglossus obliquus sits dorsal to the copuloglossus rectus, originating from the median portion of the cartilago copularis and inserting via a long tendon onto the lobus superior (Fig. 3E) . The basilariglossus originates posteriorly to the copuloglossus rectus from the median portion of the cartilago copularis. Its fibres pass lateral to the basilaris muscle.
The origin of the basilariglossus (Fig. 3E ) is covered by a vertical band that contains two distinct muscles. The anterior portion is the constrictor cornualis superficialis, which originates from the cartilago styliformis (base of the skull) and inserts with its contralateral muscle onto a median raphe (Fig. 3F) . The posterior portion is the cornuotaenialis, which originates from the planum cornuale (plate that attaches to the base of the skull) and inserts onto the taenia longitudinalis ventralis of the branchial basket (Fig. 3E,  F) . The most anterior cartilaginous arch of the branchial basket (extrahyale) is close to the otic capsule. No pharyngeal pouch sits between this element and the following arch. The tectolateralis forms the lateral wall and the floor of the pharynx and spans between the cartilago tectoria and the cartilagines laterales anteriores (Fig. 3E) .
Dorsal to the taenia longitudinalis ventralis, a long muscle spindle is surrounded by the constrictor glossae profundus. This muscle has two parts, the medial (constrictor glossae profundus internus) and the lateral (constrictor glossae profundus externus, Fig. 3F ), separated by the cornual plate. The constrictor glossus internus forms the floor of the pharynx from the dorso-medial tip of the cornual plates to the median raphe, where it meets its contralateral muscle. The constrictor glossus externus originates from the cornual plates and inserts with its contralateral pair onto the median raphe, which surrounds several ventral muscles (cornuoglossus, basilariglossus, copuloglossus rectus and annuloglossus) and the median cartilago pistoria. The cornuoglossus sits in this region and connects between the processus cornualis and the cartilago pistora (Fig. 3E) . Further posteriorly, the cardioapicalis originates from the anterior part of the cartilago apicalis (cartilage at the anterior part of the pericardium) and anchors to a long tendon over the cartilago pistoria. The tendon splits and inserts onto the cartilago copularis and the cartilagines supra-apicales. Posterior to this split, the tendinoapicalis connects between the tendon and the cartilago apicalis. The styloapicalis originates from the cartilago styliformis, passes between the splitting tendon of the cardioapicalis and inserts onto the cartilago supra-apicalis lateral to the tendinous insertion of the cardioapicalis (Fig. 3E) . The stylotectalis sits dorsal to the pharynx and inserts onto the cartilago tectoria anterior (Fig. 3E) .
The velar apparatus is framed by the cartilagines styliformes, extending ventrally from the skull. The velar cartilage has velar tentacles and two posterior velar flaps. It is elevated by the levator valvulae velaris, which originates from the dorso-lateral border of the cartilago styliformis. The unpaired velar cartilage has several anterior tips and two posterior extensions. The protractor veli from the cartilagines styliformes inserts to each side of these extensions. The depressor veli extends between the cornual plates and the anterior part of the corpus of the velar cartilage. The protractor oesophagi extends from the basis cranii to the wall of the oesophagus. The basilaris (Fig. 3A, E) is a large lateral muscle with fibres orientated in several different directions. The cartilago pistoria is pinched between the ventral portions of the right and left basilaris. The basilaris inserts onto the cartilagines tectoria anterior and posterior, the cartilago lateralis posterior, the arcus subocularis and the cartilago pistoria just anterior to its anterior bifurcation. The pharyngicus anterior and posterior surrounds the oesophagus (Fig. 3E) .
Hyoid muscles
No muscle identified by us is innervated by CNVII. Therefore, sea lampreys lack hyoid muscles.
Branchial muscles
The cartilaginous branchial basket is surrounded by an external muscle sheet (constrictores branchiales externi) divided into seven segments by the cartilages of the branchial arches and the branchial openings (Fig. 3C, D) . The horizontal cartilages immediately above and below the branchial openings are the taenia longitudinalis epitrematica and hypotrematica (Fig. 3D) , whereas the mid-ventral element is the taenia longitudinalis ventralis. The fibres of the constrictores branchiales externi extend ventrally to the taenia longitudinalis ventralis (Fig. 3C, E, F) . The medial portion of this muscle is below the taenia longitudinalis epi-and hypo-trematica. The cartilaginous connection between the taenias lies behind the gill openings, each of which is surrounded by the sphincters branchiales externi anteriores and posteriores (Fig. 3D, E) . The superficially visible branchial cartilages extend medially, setting the gill pouches from each other. The compressores bursae circulares et obliqui is at the septum and the walls of the gill pouches (Fig. 3D) . The adductores branchiales dorsales and ventrales insert medially at the extrabranchial cartilages (Fig. 3D, E) .
The interbranchiales sits by the septum medianum and the septum interbranchale of the branchial arches (Fig. 3E) . Each bursa branchialis has its muscular lateral wall (compressores bursae circulares) and muscles from the middle of the wall towards the dorsoventral corners of each chamber (compressores bursae branchiales obliqui dorsales/ventrales, Fig. 3D, E) . The dorsales/ventrales originates dorsally/ventrally from the medial portion of the arcus extrabranchialis (dorsally/ventrally to the branchial opening) and extend medially to this arch (Fig. 3D) . The constrictores branchiales interni cover the branchial chamber internally.
As for the epibranchial muscles, the part of the parietalis near the branchial openings is often referred to as epibranchialis (Fig. 3A, C) . The probranchialis is anteriorly continuous with the epibranchialis. This probranchialis sits between the anterior portion of the first branchial opening and the myoseptum of the first hypobranchial myomere (Fig. 3A, E) . The portion of the epibranchial musculature dorsal to the eyes is hereby named A, lateral superficial muscles; B, ventral superficial muscles, subocularis on left side reflected (*); C, superficial branchial muscles, numbers indicate the first and last of segments 1-7 of the constrictores branchiales externi muscle sheet; D, deep dissection of the branchial muscles. E, F, schemes of muscles with mandibular (red, orange, pink); true branchial (blue), epibranchial (brown) and hypobranchial (green) muscles. Muscles redrawn after dissection. Chondrocranium of P. marinus redrawn from Marinelli & Strenger (1954) . F, annularis, subocularis, epibranchialis and hypobranchialis not shown. Not all muscles are shown on both sides. A-D: scale bar = 1 cm. ◀ supraocularis (Fig. 3E ). This muscle inserts onto the cartilago tectoria posterior (Fig. 3A) . The cornealis is a small muscle just behind the eye and dorsal to the probranchialis (Fig. 3E ). This muscle is continuous with the other epibranchial muscles and attached onto the outer cornea of the eye (Fig. 3A) . The subocularis sits below the eye, meets the anterior portion of the hypobranchialis (a hypobranchial muscle) and inserts via a tendon onto the cartilago annualis (Fig. 3A, B,  F) . The position is seemingly consistent with the subocularis being a hypobranchial muscle. However, developmental studies of lampreys clearly show that the subocularis represents a ventral extension of the epibranchial musculature, developing from the anlage that gives rise to the epibranchialis, cornealis, supraocularis and probranchialis. Thus, the contact between the subocularis and hypobranchial muscles develops secondarily (e.g. Sambasivan, Kuratani & Tajbakhsh, 2011; Miyashita, 2012; Tulenko et al., 2013 ; see also Discussion).
Hypobranchial muscles
As explained just above, the hypobranchialis is a segmented muscle that is continuous posteriorly with the parietalis (a trunk/epibranchial muscle) and anteriorly with the subocularis (an epibranchial muscle) (Fig. 3A-D, F) .
HYDROLAGUS COLLIEI -SPOTTED RATFISH
Mandibular muscles
The intermandibularis originates from the maxillary cartilage, bending ventrally and inserts to the infralabial tissue associated with Meckel's cartilage (in some individuals of H. colliei and other holocephalan taxa, the intermandibularis may have distinct anterior and posterior parts: e.g. Edgeworth, 1935; Kesteven, 1942 Kesteven, -1945 . The adductor mandibulae A2 anterior has three portions originating respectively from the preorbital lamina, preorbital fascia and suborbital fascia (Fig. 4C) . The adductor mandibulae A2 posterior is a distinct muscle that is deeper with respect to the adductor mandibulae A2 anterior (Fig. 4A) , extending from the suborbital ridge to the lower jaw. The preorbitalis (often named levator anguli oris posterior: see Supporting Information, Appendix S1) extends from the lower edge of the orbit to the maxillary labial cartilage (Fig. 4A) . The levator anguli oris anterior arises from the antorbital crest (Fig. 4A) . The levator prelabialis is reduced to a few fibres in H. colliei and is blended with the levator anguli oris anterior (Fig. 4A) . The labialis anterior has a nearly vertical orientation and originates from the maxillary cartilage (Fig. 4A) . The levator anguli oris anterior, levator prelabialis and labialis anterior insert onto the prelabial cartilage associated with the nasolabial fold. These three muscles are often designated as 'upperlip' muscles. Although the intermandibularis and the adductor mandibulae A2 posterior are innervated by the mandibular branch of the trigeminal nerve (CNV3), the other five mandibular muscles receive mixed innervation from the maxillary and mandibulary branches (CNV2+V3). This is in part due to a fibre exchange near the orbit, mainly from fibres of V3 extending towards V2 (Fig. 4B) . At the region of the lower jaw CNV3 runs in close proximity with the facial nerve (CNVII).
Hyoid muscles
The interhyoideus extends from the fibrous operculum (Fig. 4A) to the ventral midline where it fuses with its contralateral muscle. The mandibulohyoideus connects the ceratohyal and Meckel's cartilage (Fig. 4D) . The constrictor hyoideus dorsalis originates from connective tissue ventrally along the notochord up to the anterior edge of the scapular process, and inserts onto the connective tissue of the opercular flap (Fig. 4A) . The adductor arcus palatini originates from the postorbital ridge and attaches to the hyoid rays/ epihyal (Fig. 4D) . The fleshy operculum is connected dorsally to the constrictor hyoideus dorsalis and ventrally to the interhyoideus (Fig. 4A) .
Branchial muscles
The cucullaris has two heads (superficialis and profundus), which seem to be blended at their origins from the postorbital ridge. The cucullaris superficialis part inserts onto the external part of the scapula. In two dissected specimens, we found an attachment of the cucullaris profundus onto the branchial arches (as described by Didier, 1987 and Anderson, 2008: see Discussion) , but in the other specimens this bundle inserted instead onto the medial surface of the scapula. The branchial muscles sensu stricto are: (a) the four constrictores branchiales from epibranchials I-IV to the ceratobranchials of the same arches (Fig. 4F) ; (b) the four adductores branchiales from epibranchials I-III and the pharyngobranchial complex of the branchial arches IV and V to ceratobranchials I-IV; and (c) the five coracobranchiales (Fig. 4D ) extending from the coracoid to the ventral region of the ceratobranchials. Hydrolagus colliei and other holocephalan species usually have two epibranchial muscles, i.e. a interpharyngobranchialis and a subspinalis (Edgeworth, 1935; see Discussion) .
Hypobranchial muscles
The coracomandibularis is a continuous sheet of muscle originating from the coracoid and fusing with its contralateral muscle in the ventral midline, on the region of the lower jaw (Fig. 4F) . Although the coracomandibularis has been illustrated with anterior and posterior portions in H. colliei (Didier, 1995; Anderson, 2008) , this division is artificial (see also Anderson, 2008) . The sternohyoideus extends from the coracoid and/or the fascia of the coracomandibularis to the basihyal.
SQUALUS ACANTHIAS -SPINY DOGFISH
Mandibular muscles
The intermandibularis originates from Meckel's cartilage and inserts with its contralateral muscle in a median raphe (Fig. 5B) , being blended to the interhyoideus and constrictor hyoideus dorsalis (hyoid muscles). The adductor mandibulae A2 connects the palatoquadrate to Meckel's cartilage and is divided into superficialis, ventralis and dorsalis parts (Fig. 5A) . The levator arcus palatini (Fig. 5C ) extends from the posterior edge of the otic capsule to the palatoquadrate in parallel with the spiracularis, which originates from the otic capsule (dorsally to the levator arcus palatini) and inserts onto the palatoquadrate (Fig. 5C ). The preorbitalis is the only labial muscle in S. acanthias, originating via a tendon from Meckel's cartilage medial to the insertion of the adductor mandibulae A2 ventralis, and inserting anteriorly to the palatoquadrate onto the ethmoid region of the chondrocranium (Fig. 5A) .
Hyoid muscles
The interhyoideus is thin and difficult to separate from the intermandibularis (Fig. 5B) . It extends from the ceratohyal to a median raphe where it fuses with its contralateral muscle. The interhyoideus covers the ventral branchial region posteriorly. The superficial Anterior is always to the left. A, superficial muscles and nerves after removal of the skin; B, detail of the ventral part of the orbit to show the fibre exchanges between CNV2 and CNV3; C, portions of the add. mand. A2 (anterior); D, muscles medial to the operculum, the constrictor dorsalis hyoideus and the interhyoideus were reflected (*); E, ventral view, on right side the interhyoideus was removed; F, dorsal parts of the branchial arches. Abbreviations: add. mand. = adductor mandibulae; lev. = levator. Scale bar = 1 cm.
constrictor sheet, the constrictor hyoideus dorsalis (Fig. 5C) , is also present in this position. This muscle originates at the fascia above the cucullaris and is blended to both the adductor arcus palatini and the interhyoideus without having clear skeletal attachments. The adductor arcus palatini extends from the otic capsule to the hyomandibula (Fig. 5A, C) .
Branchial muscles
The cucullaris is a continuous muscle sheet originating from the fascia near the epaxial musculature and inserting at the scapular process of the pectoral girdle, the posterior epibranchial cartilages and the anterior extrabranchial cartilages (Fig. 5C, E) . After careful dissection of the branchial region in S. acanthias (and also in Mustelus laevis) we were unable to identify the 'levatores arcuum branchialium' described by Kesteven (1942) (see Discussion).
There are four constrictores branchiales, each divided into dorsal and ventral parts that laterally overlap the branchial region. The first dorsal part originates anteriorly from the constrictor hyoideus dorsalis (a hyoid muscle), whereas the last dorsal part originates from the pectoral girdle (Fig. 5C ). The intermediate dorsal parts originate from a raphe over one anterior extrabranchial cartilage and insert in a raphe over the next one with the adjacent constrictor, with some fibres also inserting onto the extrabranchial cartilages (Fig. 5C) . Dorsally, some fibres of the dorsal parts of the constrictores branchiales penetrate the cucullaris, whereas ventrally they reach the gill openings and blend with the ventral parts of the constrictores branchiales. The median fibres of the ventral parts, which have attachments to the dorsal ones, originate additionally from the fascia between the branchial cavities and the coracobranchiales and the hypobranchial muscles (coracoarcualis and coracomandibularis). The four interarcuales laterales (I-IV) extend from the pharyngobranchials to the epibranchial cartilages (Fig. 5F ). The deep five adductores branchiales connect the epibranchial and ceratobranchial cartilages of a same branchial arch (Fig. 5F ). The four interbranchiales sit between the semi-branches of the first four gill arches (Fig. 5F ), whereas the five coracobranchiales (I-V) (Fig. 5D) extend from below the sternohyoideus (coracobranchialis I) and the pectoral girdle to the hyal cartilage (coracobranchialis I) and the ventral region of the ceratobranchials.
The subspinalis is an epibranchial muscle sensu Edgeworth (1935) . It originates from the cranium close to the foramen magnum and inserts onto the first pharyngobranchial (Fig. 5F ). The three interpharyngobranchiales (I-III) are also epibranchial muscles sensu Edgeworth (1935) . They extend diagonally between two adjacent pharyngobranchial cartilages (Fig. 5F ).
Hypobranchial muscles
The coracoarcualis originates from the coracoid bar, extends anteriorly and inserts onto the pericardium (some fibres) and the ceratohyal (most fibres) (Fig. 5B) . The sternohyoideus originates from the aponeurosis with the coracobranchiales (branchial muscles) and the coracoarcualis and inserts onto the hyoid (basihyal) (Fig. 5B) . The coracomandibularis is a paired muscle along the mid-ventral line (Fig. 5B ) from the fascia between the coracoarcuales to the symphysis of the Meckel's cartilage.
LEUCORAJA ERINACEA -LITTLE SKATE
Mandibular muscles
The intermandibularis anterior is a thin muscle connecting the anterior region of the two Meckel's cartilages ( Fig. 6E ) (this muscle is absent in some specimens of L. erinacea according to Marion, 1905) . The intermandibularis posterior extends from Meckel's cartilage to the fascia of the coracomandibularis (a hypobranchial muscle) (Fig. 6E ) and receives innervation mainly from CNV3 but also posteriorly from CNVII. The adductor mandibulae A2 connects the upper and lower jaws and has two main portions (Fig. 6A, B) . The small medial portion connects the anterior border of the palatoquadrate and Meckel's cartilage close to its symphysis (Fig. 6B) . The lateral portion splits into superficial and deep bundles. Superficially, the lateral portion is set into anterior and posterior parts by the levator labialis superioris 2. The deep bundle originates from the anterior edge and the processus muscularis of the palatoquadrate. Both bundles insert to Meckel's cartilage (Fig. 6A) . The labial muscle preorbitalis (which seemingly includes the 'ethmoideo-parethmoidalis' sensu Edgeworth, 1935) is a complex muscle that is divided into five bundles (Fig. 6A, B) . Overall, these bundles connect between the chondrocranium and the mandibular cartilage and the adductor mandibulae A2. The levator arcus palatini has a dorsal bundle originating ventrally to the postorbital process and inserting onto the palatoquadrate, and a ventral bundle originating from the dorsal portion and inserting onto the membranous wall of the palate and, via a tendon, onto the hyomandibular cartilage (Fig. 6A) . The spiracularis extends from the chondrocranium to the dorsal surface of the hyomandibular cartilage.
Hyoid muscles
The interhyoideus originates partly from the horizontal tendon associated with the hyomandibula. It is continuous posteriorly with the ventral branchial musculature. The depressor hyomandibulae originates from the fascia at the contact with the bilateral counterpart (covering dorsally the coracomandibularis, which is a hypobranchial muscle) and from the fascia overlying the sternohyoideus (a hypobranchial muscle). The muscle inserts onto the hyomandibula and the horizontal tendon associated with the hyomandibula (Fig. 6E) . The levator rostri originates from the first vertebra and the fascia of the muscles covering this region, and inserts via a long tendon onto the dense connective tissue between the rostrum and the propterygium (Fig. 6A, dashed line) . The depressor rostri originates from the fascia covering the coracomandibularis and from the coracoarcualis (both hypobranchial muscles) (Fig. 6D) . Some of its lateral fibres insert onto the fascia covering the adductor mandibulae complex, whereas the remaining fibres extend anteriorly and medially to insert onto the membranous tissue dorsal to the rostral cartilage and ventral to the propterygium. The adductor arcus palatini extends from the chondrocranium to the hyomandibula (Fig. 6A) . The constrictor hyoideus dorsalis originates between the adductor arcus palatini and the anterior edge of the constrictores branchiales (branchial muscles) and inserts onto the horizontal tendon associated with the hyomandibula (Fig. 6A) .
Branchial muscles
The cucullaris is divided into a medial bundle (from the first vertebra to the suprascapular region) and a lateral bundle (from the region close to the first branchial arch) (Fig. 6A) . In one of the two dissected specimens, the lateral bundle inserts onto some branchial arches and onto the pectoral girdle. In the other specimen an insertion onto the branchial arches cannot be identified, although the ventral fibres over the posterior branchial arches attach to the CEPHALIC MUSCLES OF CYCLOSTOMES AND CHONDRICHTHYES 17 Figure 6 . Leucoraja erinacea. B, D-F, ventral views; A, dorso-lateral view; C, anterior view. A, left dorso-lateral view, the levator rostri (indicated by dashed line) and the eye were removed. B, levatores labiales superioris and adductor mandibulae complex, some muscles were partially reflected. C, a single gill (branchial arch) from the right side of the body; the orientation is given on the top of the picture. D-F, ventral muscles from superficial to deep; reflected muscles in E and F are indicated by an asterisk (*). 'Preorbitalis 2, 4' correspond to bundles 2 and 4 of the five bundles that form the preorbitalis muscle in L. erinacea. Abbreviations: a = levator arcus palatini -ventral bundle; add. = adductor; b = levator arcus palatini -dorsal bundle; constr. = constrictor; mand. = mandibulae. G, H, dorsal view (G) and ventral view (H) of a skate indicating important landmarks and the region shown in the dissections seen above indicated by coloured rectangles. A-F: scale bar = 1 cm. overlying fascia. The five constrictores branchiales cover the branchial basket dorsally and ventrally (Fig. 6A, D) . The dorsal part connects a tendon located between the neighbouring segments to the next (Fig. 6A ), but the fifth dorsal part originates from the shoulder girdle. The tendon between the dorsal segments decreases in size from anterior to posterior. The posterior constrictor muscles extend to reach the horizontal tendon associated with the hyomandibula. The ventral part of the constrictores has similar sites of origin and insertion as the dorsal part (Fig. 6D) . Here, the fifth ventral part originates from the fascia covering the ventral edge of the coracobranchiales. Each of the five segments of interarcuales laterales originates from the anterior end of the pharyngobranchial and inserts onto the medial end of the epibranchial of the same arch. Each of the six adductores branchiales connects the epibranchial and ceratobranchial elements of the same branchial arch (Fig. 6C) . The five segments of interbranchiales are set between the gill clefts. They originate from the coracomandibularis (a hypobranchial muscle), and some of the ventromedial fibres are very well developed (Fig. 6F) . The six segments of coracobranchiales extend from the pectoral girdle to the basibranchial and the ventral region of the branchial arches (Fig. 6F) .
Hypobranchial muscles
The coracoarcualis originates from the coracoid bar and inserts via some medial fibres onto the pericardium and via the lateral fibres onto the ceratohyal (Fig. 6D) . The coracomandibularis originates from the fascia between the right and left coracoarcuales and inserts onto the mandibular symphysis along the midline (Fig. 6D) . The sternohyoideus extends from the fascia ventral to the coracohyomandibularis and inserts onto the hypohyal cartilage (Fig. 6E) . The coracohyomandibularis originates from the midline fascia (Fig. 6F ) and inserts via a tendon onto the ventral surface of the hyomandibula.
DISCUSSION
We discuss muscle homologies in four major groups (mandibular, hyoid, branchial and hypobranchial muscles) based on our own dissections and comparisons and from an extensive review, including classic literature (e.g. Adams, 1919; Edgeworth, 1935; Lightoller, 1939; Kesteven, 1942 Kesteven, -1945 Marinelli & Strenger, 1954 , 1956 as well as more recent anatomical, developmental, genetic and evolutionary studies.
MANDIBULAR MUSCLES (TABLE 1) The number of mandibular muscles is greater in cyclostomes than in extant chondrichthyans (Table 1) and osteichthyans (e.g. Diogo & Abdala, 2010) . We suggest splitting the mandibular muscles of cyclostomes into four groups (muscles derived from the intermandibularis muscle sheet, nasal muscles, lingual and dental muscles, and velar muscles).
Intermandibularis
The intermandibularis derives from the ventral part of the mandibular muscle plate (Edgeworth, 1935) . Some authors suggested that the intermandibularis of selachians is innervated by CNVII (e.g. Lightoller, 1939) . However, it is likely that Lightoller (1939) confused at least part of the 'intermandibularis' with a facial muscle (the interhyoideus; innervated by CNVII), because the interhyoideus and the intermandibularis occur in a continuous sheet, and because Lightoller compared his 'intermandibularis' with some of the facial muscles of mammals. We observed that the intermandibularis in S. acanthias is deeply blended with the interhyoideus, which probably led to a misinterpretation that the intermandibularis is innervated by CNVII. Miyake et al. (1992) and Anderson (2008) identified a single intermandibularis in elasmobranchs, but recognized that at least some elasmobranchs (e.g. electric rays) have an 'intermandibularis superficialis' and an 'intermandibularis profundus' (Edgeworth, 1935) . In addition, Marion (1905) described anterior and posterior bundles in S. acanthias.
The intermandibularis posterior in Leucoraja and the intermandibularis of Squalus are both mainly innervated by CNV3, but innervation by CNVII occurs along and near the posterior margin (Edgeworth, 1935) . Instead of viewing the intermandibularis posterior (sometimes labelled 'depressor mandibulae') as a hyoid muscle (Miyake et al., 1992) , we consider the double innervation as secondary. The innervation by CNVII occurs probably because the muscle sits close to the hyoid muscle interhyoideus, which is also innervated by CNVII. The intermandibularis posterior is clearly a mandibular muscle because of the main innervation by CNV3, because of the insertion to the lower jaw and because of its association with other mandibular muscles such as the preorbitalis. Some electric rays have an additional muscle 'X' that probably derives from the intermandibular anlage, which is designated as 'intermandibularis profundus' (e.g. Miyake et al., 1992) . A few electric rays also have an 'intermandibularis superficialis ' (e.g. Astrape, Torpedo; Edgeworth, 1935) .
We identified a single intermandibularis in Hydrolagus colliei as did Anderson (2008) . Even though other authors reported an intermandibularis anterior and an intermandibularis posterior in some holocephalans (e.g. Edgeworth, 1935; Kesteven, 1942 Kesteven, -1945 , these muscles probably represent a single intermandibularis that is partly separated by the premandibular cartilage (Didier, 1987 (Didier, , 1995 . Alternatively, the intermandibularis of holocephalans may represent the anterior-most remnant of the intermandibularis muscle sheet in elasmobranchs (Edgeworth, 1935) . A generally accepted hypothesis is that the hypothetical LCA of extant gnathostomes had an undivided intermandibularis muscle sheet (Miyake et al., 1992; Anderson, 2008) . However, at least some holocephalans, elasmobranchs and many osteichthyans (including the hypothetical LCA of osteichthyans; Diogo & Abdala, 2010) have both an intermandibularis anterior and an intermandibularis posterior. Therefore, it is more parsimonious to support the alternative hypothesis that the LCA of extant gnathostomes had the two muscles. Yet another interpretation is that the distinction of the two muscles is either artificial or insignificant. The intermandibularis anterior and posterior are typically blended with one another so much that the anterior cannot be readily distinguished from the posterior in many chondrichthyans. The attachment of the muscle to the maxillary (labial) cartilage in holocephalans such as Hydrolagus is probably secondary, because the intermandibularis attaches to the mandibles (Meckel's cartilages) in other taxa, and because the holocephalan skull has been extensively modified from a typical gnathostome pattern.
We propose that the tubulatus of Myxine and the constrictor cornualis superficialis and constrictor glossae profundus internus of Petromyzon belong to the intermandibularis group, based on the innervation by CNV3, position relative to other muscles and cartilages, and recent studies of the identity of the cranial cartilages of cyclostomes (reviewed by Miyashita, 2012; Oisi et al., 2013) . Therefore, the LCA of extant vertebrates probably had a muscle sheet that would eventually differentiate as the intermandibularis in gnathostomes (Table 1 ). The proposed similarity partly agrees with the assessment by Miyashita (2012: 295) , who listed the lamprey constrictor glossae profundus internus as a potential member of the group that corresponds to the intermandibularis group of gnathostomes. As identified by Miyashita, these muscles are topographically (ventral portion of mandibular arch) and functionally (transverse constriction) similar.
Adductor mandibulae
The adductor mandibulae derives from the transversely medial and dorso-ventrally intermediate part of the mandibular muscle plate (Edgeworth, 1935) . A previous interpretation has been that the LCA of gnathostomes has an A2 with a 'suborbital' portion, which gave rise to the preorbitals ('suborbitalis') in chondrichthyans (Lauder, 1980b) . In contrast, our observations suggest that the preorbitalis is a labial muscle and distinct from the adductor mandibulae A2 (Table 1) . Edgeworth (1935) described the adductores mandibulae A2 anterior and posterior in Holocephali as incompletely separated. However, in H. colliei, we observed a clear separation between the anterior and posterior parts. Between them, the adductor mandibulae A2 anterior in H. colliei has been described as having two portions by Didier (1987 Didier ( , 1995 , but our dissections revealed anterior, medial and posterior portions. The anterior portion corresponds to Didier's (1987) pars nasalis, and the medial and posterior portions to Didier's (1987) pars orbitalis.
The dorso-ventrally flattened and latero-medially expanded skull of Leucoraja makes it difficult to identify similarities in the three portions of the adductor mandibulae A2 with those in Squalus (Marion, 1905; Soares & Carvalho, 2013a, b) . Based on lateromedial positions with each other, we suggest that: (a) the A2 lateralis anterior in Leucoraja is similar to the A2 superficialis in Squalus; (b) the A2 lateralis posterior to A2 dorsalis; and (c) the A2 medialis to A2 ventralis. An alternative interpretation is that each of these bundles evolved independently in selachians and batoids, which is consistent with the previous assessment that no clear similarity between the bundles of the A2 exist (Marion, 1905; Edgeworth, 1935) . In holocephalans (elasmobranch outgroup), the A2 bundles are different from those of other extant chondrichthyans, as described in the Results. The distinct morphology implies that the A2 was not separated into the bundles in the LCA of chondrichthyans, and probably in that of gnathostomes (Lauder, 1980b) .
No clear homologue of the gnathostome adductor mandibulae exists in the jawless cyclostomes. In gnathostomes, proper development of the mandibular muscles is tightly linked to the dorso-ventral patterning of the jaw skeleton (Noden, 1983; Rinon et al., 2007; Medeiros & Crump, 2012) . Many knockdown phenotypes with defects in both jaw and mandibular muscle corroborate this link, where either defects in the jaw or those in the muscle are responsible for the other (e.g. Schilling et al., 1996; Heude et al., 2010; Hinits et al., 2011) . Therefore, it is probably that the adductor mandibulae and the jaw evolved in concert in gnathostomes.
The origin and evolution of jaws has been a subject of interest. Recent developmental studies have revealed that dorso-ventrally nested expression of Dlx genes in cranial neural crest cells is necessary for both jaw development and masticatory muscle formation. Inactivation of Dlx5 and Dlx6 in mice results in a reduction or loss of jaw muscles (Heude et al., 2010) . Because these genes are not expressed in the myogenic mesoderm, Dlx5/6-positive cranial neural crest cells probably pattern the muscles. The muscle defects do not result from the loss of mandibular identity because masticatory muscles are still present in EdnRA(-/--) mutants that have similar jaw defects to those in Dlx5/6-deficient mice (Heude et al., 2010) . Given that the gnathostome Dlx code dorso-ventrally patterns the jaw skeleton as well (Depew, Lufkin & Rubenstein, 2002; Medeiros & Crump, 2012; Gillis et al., 2013) , the gnathostome jaw muscles represent neomorphs that evolved along with the jaws.
The Dlx-dependent oral musculoskeletal patterning may have preceded the origin of the jaw.
Sea lampreys (Petromyzon marinus) and Japanese inshore hagfish (Eptatretus burgeri) have dorsoventrally polarized expression patterns of Dlx cognates in the mandibular region (Cerny et al., 2010; Fujimoto et al., 2013) . However, the Japanese river lampreys (Lethenteron japonicum) have overlapping, unpolarized expression of Dlx cognates (Myojin et al., 2001; Kuraku et al., 2010) The variation among cyclostomes leaves uncertainty about the timing and frequency of the origin of nested Dlx expression. It also remains to be tested whether the Dlx expression plays a crucial role in oral musculoskeletal patterning in cyclostomes as is the case in gnathostomes.
Levator arcus palatini and spiracularis
The levator arcus palatini and spiracularis derive from the dorsal part of the mandibular muscle plate -a specific pre-myogenic condensation designated as constrictor dorsalis (Edgeworth, 1935) . Some batoids also have an accessory muscle associated with the spiracularis (Miyake et al., 1992) . Miyake et al. (1992) compared this accessory muscle with 'spiracularis' in Polypterus (Edgeworth, 1935) . However, our previous anatomical and comparative analyses did not identify 'spiracularis' in Polypterus and other osteichthyans (Diogo & Abdala, 2010) . Coupled with the fact that holocephalans lack the spiracularis, the elasmobranch spiracularis probably represents a synapomorphy of the clade.
Two hypotheses about the evolutionary origins of the levator arcus palatini, spiracularis and intermandibularis in chondrichthyans exist in the literature: (1) the intermandibularis and the levator arcus palatini (and later the spiracularis, during chondrichthyan evolution) derived respectively from the ventral and dorsal portion of the 'branchial superficial constrictor 1' in the hypothetical LCA of vertebrates (Mallatt, 1996) ; or (2) the three muscles mainly derived from a 'mandibular interbranchial muscle' and partly from 'branchial superficial constrictor 1' in that hypothetical LCA (Mallatt, 1997) . However, a hypothetical vertebrate LCA such as that described by Mallatt (1996 Mallatt ( , 1997 ) is unlikely to have existed. The reconstructions of such a hypothetical animal have historically depended on the notion of 'archetype' in the German romantic school, which later influenced Anglo-Saxon authors such as Owen (Northcutt, 2008) and still persist in present times (Jarvik, 1980; Mallatt, 2008) . Recent anatomical studies of cyclostomes and the invertebrate chordates rejected the existence of such vertebrate archetypes (Kuratani, 2004; Stolfi et al., 2010; Yasui et al., 2014) . There is absolutely no fossil, anatomical or developmental evidence that the mandibular region was originally a branchial arch with muscles exactly serially homologous with the true, gill-supporting pharyngeal arches (Janvier, 1996 (Janvier, , 2007 Kuratani, 2008b) . Moreover, a comparative analysis of the cephalic musculature of larval and adult lampreys and of adult hagfishes and gnathostomes (Miyashita, 2012) did not support the homologies of the muscles of hagfish, lampreys and gnathostomes proposed by Mallatt (1996 Mallatt ( , 1997 Mallatt ( , 2008 ) (see section on labial muscles below).
The engrailed immunoactivity in the velothyroideus of lamprey larvae and in the levator arcus palatini of zebrafish has been used to infer the homology between these muscles (Holland et al., 1993) . However, we remain cautious about proposing such homologues based only on the immunoactivity. Similar gene expression patterns do not necessarily warrant a homology. For example, engrailed is expressed in mandibular myoblasts that are not part of the dorsal mandibular musculature in some gnathostomes ('constrictor dorsalis' sensu Edgeworth, 1935) , whereas the expression is in those derived from the adductor mandibulae complex (the masseter, temporalis, pterygoideus medialis and/or pterygoideus lateralis) in mice (Knight, Mebus & Roehl, 2008) . Furthermore, the velothyroideus is a larval muscle, and it remains uncertain whether the muscle entirely degenerates during metamorphosis or partly becomes incorporated into the adult velar muscles (Miyashita, 2012) . Therefore, the currently available evidence is insufficient to make any inference about evolutionary conservation of the shared engrailed expression.
Instead of uncertain homology, homogenic relationships between the lamprey velar muscles and some of the gnathostome mandibular muscles are a testable hypothesis: some, if not all, of the velar muscles of cyclostomes may derive from the anlage that also (independently) gave rise to the gnathostome levator arcus palatini. The visceral muscles of adult lampreys differentiate from blastema as those in lamprey larvae degenerate during metamorphosis, and there is still disagreement over whether the larval muscles are precursors of adult muscles or not (reviewed by Miyashita, 2012) . Therefore, it is difficult to identify possible correspondence between the larval and adult lamprey muscles. During lamprey metamorphosis, the endostyle and velum are both reduced, and a lingual apparatus develops in the location corresponding to the larval muscle velothyroideus (Miyashita, 2012) . To explain this, possible interpretations are that the lamprey velothyroideus: (a) is reduced at the time of metamorphosis along with the velum; or (b) becomes CEPHALIC MUSCLES OF CYCLOSTOMES AND CHONDRICHTHYES 21 incorporated to adult velar muscles such as the depressor veli. We tentatively favour the latter hypothesis and further suggest that these velar muscles derive from the same anlage with the velar muscles of adult hagfishes and the dorsal mandibular ('constrictor dorsalis') muscles of gnathostomes such as the depressor arcus palatine (Table 1 ). This hypothesis of homogenic relationship (evolutionary conservation at the level of anlagen) is consistent with engrailed expression patterns in some of the differentiated mandibular muscles between lampreys and gnathostomes (Holland et al., 1993) and with the development and anatomy of the cyclostome muscles (reviewed in Miyashita, 2012; Oisi et al., 2013; and in this paper) .
Labial muscles
The labial muscles have previously been considered broadly comparable across vertebrates and thus evolutionarily conserved between cyclostomes and gnathostomes (Mallatt, 1996 (Mallatt, , 1997 (Mallatt, , 2008 . However, the modern developmental evidence contradicts this view. In cyclostomes, the 'upper lip' forms the cheek process, where the mandibular stream of the ectomesenchyme laterally overlaps the premandibular ectomesenchyme Kuratani et al., 1999; Kuratani, 2012; Oisi et al., 2013) . In contrast, the labial muscles in gnathostomes develop in the maxillary process -a secondary anterior extension of the mandibular arch (Noden & Francis-West, 2006; Kuratani, 2012) . This fundamental difference in developmental process contradicts Mallatt's (1996 Mallatt's ( , 1997 Mallatt's ( , 2008 scheme of homology of the 'upper lip' between the cyclostomes and gnathostomes (Kuratani, 2012; Miyashita, 2012) . Following this cyclostome-gnathostome difference in the mandibular patterning, we carefully compare the cyclostome upper lip muscles and the gnathostome labial muscles. The assessment presented here is a tentative one based on our primary anatomical observations, and further tests are necessary to establish the similarity. Among the cyclostome labial muscles, the 'buccal constrictor' in larval lampreys appears to develop from the 'mandibular branchiomere' (Mallatt, 1996) (it is not clear if the 'buccal constrictor' of larval lampreys corresponds, or gives rise, to specific muscles of adult lampreys). A probably gnathostome counterpart of the lamprey 'mandibular branchiomere' is the mandibular muscle plate from which some labial muscles (e.g. the chondrichthyan preorbitalis) derive (Edgeworth, 1935) . Therefore, the 'labial muscles' develop from mandibular mesoderm in both cyclostomes and gnathostomes, as does the adductor mandibulae complex (reviewed by Diogo & Abdala, 2010) . Beyond this, however, comparison becomes challenging.
Between the two cyclostome lineages, the innervation by CNV2 is useful in comparing functionally and topographically similar muscles. The ventral branch of CNV2 innervates six muscles in Myxine (CNV2 posterior: Supporting Information, Table S1 : retractor mucosae oris, longitudinalis linguae, protractor dentium profundus, protractor dentium superficialis, tubulatus, perpendicularis). The corresponding muscles, following our analysis and Miyashita's (2012) , in Petromyzon are all but one innervated by the V2 ramus mandibularis (sensu Marinelli & Strenger, 1954 ; V2 ramus velaris: pharyngicus posterior; V2 ramus mandibularis: levator valvulae velaris, cardioapicalis, annuloglossus, copuloglossus rectus, constrictor cornualis superficialis, constrictor glossae profundus internus). Interestingly, Wicht & Northcutt (1995) treated all these trigeminal motoneurons (corresponding to CNV2 posterior and CNV2 velar of the hagfish) as CNV3. Although CNV2 and CNV3 have been used to establish muscle homology in the mandibular arch across vertebrates (Song & Boord, 1993; Mallatt, 1996) , both anatomical and developmental evidence questions the presumed homology of these major branches of CNV between cyclostomes and gnathostomes (Lindström, 1949; Wicht & Northcutt, 1995; Kuratani et al., 1997; Miyashita, 2012; Higashiyama & Kuratani, 2014; Modrell et al., 2014) . Curiously, the labial muscles are innervated by CNV2 in holocephalans (Song & Boord, 1993; Mallatt, 1996) . There are two possible interpretations to this observation: (a) holocephalans conserve the cyclostome-like innervation pattern in the labial muscles, which has been lost in elasmobranchs and osteichthyans; or (b) holocephalans deployed motoneurons to extend with CNV2 and innervate the anteriorly positioned labial muscles, independent from cyclostomes. We support the latter because motoneurons are supplied from multiple branches (discussed below), and because great variations exist in development and neuronal organization of the trigeminal nerve and ganglia between and within cyclostomes and gnathostomes (Modrell et al., 2014) . Then, comparison based on the distinction between CNV2 and CNV3 may be uninformative. If this view is correct, some cyclostome mandibular muscles may have functionally and topographically similar counterparts in the mandibular muscles of gnathostomes. One candidate is the tubulatus in Myxine, the gnathostome counterpart of which is the intermandibularis.
Within gnathostomes, the preorbitalis is the only labial muscle present in elasmobranchs (e.g. Diogo & Abdala, 2010) . In Hydrolagus, four labial muscles are present: the preorbitalis ('levator anguli oris posterior' sensu Mallatt, 1996) and three 'upper-lip' muscles (levator anguli oris anterior, levator prelabialis, and labialis anterior) (e.g. Edgeworth, 1935; Didier, 1987 Didier, , 1995 . We disagree with previous observations that the three 'upper-lip' muscles of H. colliei are innervated by CNV2, whereas the preorbitalis is innervated either by: (a) V3 only (Mallatt, 1996); or (b) V2 and V3 (Edgeworth, 1935) . We identified mixed fibres from CNV2+3 innervating all four labial muscles, as well as the adductor mandibulae A2, in H. colliei. This pattern of innervation is mainly due to a fibre exchange of those two branches in the orbital region. Some holocephalans were considered to have a muscle 'labialis inferior' lying posteriorly to the intermandibularis ('labialis posterior' sensu Mallatt, 1996) . However, it is now clear that 'labialis posterior ' and 'labialis inferior ' are part of the intermandibularis group (Diogo & Abdala, 2010) . Topographically and functionally, these 'upper-lip' muscles are somewhat comparable to the buccalis anterior of lamprey larvae (sensu Mallatt, 1996) , which originates from the anterior braincase and lateral mouth plate and inserts onto the antero-dorsal upper lip cartilage.
We reject the proposed homology between the holocephalan labial muscles preorbitalis, levator anguli oris anterior and/or levator prelabialis and the levator arcus palatini in other gnathostomes (Didier, 1987) . Instead, it is probably that the levator arcus palatini was lost in the Holocephali. This loss may be related to the fusion of the palatoquadrate with the neurocranium in this lineage (Miyake et al., 1992; Anderson, 2008) . Within elasmobranchs, we follow Marion (1905) in identifying the five labial bundles in Leucoraja as part of the preorbitalis. However, we also agree with Edgeworth (1935) that some of these five bundles may be associated with the adductor mandibulae A2. As for osteichthyans, some taxa have muscles often designated as labial muscles: the levator maxillae superioris 3 and 4 in Amia; the palatomandibularis major and minor in Lepisosteus; the suborbital portion of adductor mandibulae in acipenseriforms; and 'labial muscles' in Latimeria (Lauder, 1980a, b; Anderson, 2008; Diogo & Abdala, 2010) . However, Diogo & Abdala (2010) consider that at least some of these muscles were probably acquired independently in their respective lineages. This does not rule out the possibility that the LCA of extant osteichthyans had labial muscles (Table 1) . (TABLE 2) The hyoid muscles are divided into two groups derived from different anlagen (Edgeworth, 1935) : dorsomedial (e.g. the adductor arcus palatini and the constrictor hyoideus dorsalis); and ventral (e.g. the interhyoideus; see also, e.g. Marion, 1905; Daniel, 1928; Luther, 1938) . The constrictor hyoideus dorsalis is often labelled as 'adductor operculi' in osteichthyans (the nonosteichthyan term is preferred because most nonosteichthyan gnathostomes lack an operculum). In batoids, (a) the depressor hyomandibulae develops from the hyoid condensation; and (b) the levator rostri and the depressor rostri develop respectively from dorsal and ventral portions of the hyoid muscle plate, which are separated from the sheet of myoblasts that gives rise to other hyoid muscles (Edgeworth, 1935;  Table 2 ).
The mandibulohyoideus in holocephalans is a peculiar muscle. Anderson (2008) posits it as a hypobranchial muscle with no analogue in gnathostomes, which is associated with the holocephalan-specific jaw-opening mechanism intermediate between those of elasmobranchs and osteichthyans. However, the mandibulohyoideus in holocephalans receives innervation by CNVII like other hyoid muscles, and we did not observe the innervation by CNIX as reported by Anderson (2008) . Therefore, we treat the mandibulohyoideus as a hyoid muscle. It may have derived from the interhyoideus as suggested by Edgeworth (1935) and Kesteven (1942 Kesteven ( -1945 .
BRANCHIAL MUSCLES
Branchial muscles sensu stricto The term 'branchial muscles sensu stricto' is one subgroup of 'true branchial muscles' (the other subgroup consists of the cucullaris and its derivatives) (Diogo & Abdala, 2010) . Other 'branchial' muscles such as the laryngeal muscles and the epibranchial muscles are neither branchial muscles sensu stricto nor true branchial muscles (Table 3) . As for branchial muscles sensu stricto, larval lampreys (ammocoetes) and elasmobranchs may have two shared functions: (1) the expiration is driven by the peristaltic action of superficial constrictores branchiales and interbranchiales; and (2) the inspiration is driven by passive recoil of the branchial arches (Mallatt, 1996) . The similarity implies that the LCA of the living vertebrates had a ventilation system motored by superficial constrictores branchiales and interbranchiales. Our analysis supports the homology of the constrictores branchiales across vertebrates (Table 1) . However, the interbranchiales have never been identified in hagfishes.
Hydrolagus colliei also appears to lack the interbranchiales, but it is present in other holocephalans (Edgeworth, 1935; Didier, 1995) . Osteichthyans do not have the interbranchiales as well as the adductores branchiales. Therefore, it is more parsimonious to consider that these muscles appeared independently in lampreys and chondrichthyans (two evolutionary steps) than to assume the presence in the LCA of extant vertebrates with loss in both hagfishes and osteichthyans (three steps). If the constrictors branchiales and the interbranchiales are treated separately, however, one or both may have been present in the LCA of vertebrates and/or of gnathostomes (Table 3) .
Two conflicting interpretations exist about the branchial muscles sensu stricto in holocephalans: (1) the protractor dorsalis pectoralis, retractor lateroventralis pectoralis and retractor mesio-ventralis pectoralis are branchial muscles innervated by cranial nerves IX and X (Anderson, 2008) ; or (2) only the protractor dorsalis pectoralis is a branchial muscle, whereas the others represent trunk muscles (Didier, 1995) . These two conflicting interpretations agree that the protractor dorsalis pectoralis is a branchial muscle, although Edgeworth (1935) and Miyake et al. (1992) did not consider it as a branchial muscle. As an alternative hypothesis, the position and attachment sites in close association with those of the cucullaris raise an interesting possibility that the protractor dorsalis pectoralis is an epibranchial muscle. This idea presents an alternative to Edgeworth's (1935) assessment that the interpharyngobranchiales and subspinalis are the only epibranchial muscles in holocephalans. All of the confusions arise from the unconfirmed innervation of the protractor dorsalis pectoralis by CNIX and/or CNX in holocephalans. The argument in the literature is circular: the protractor dorsalis pectoralis is a branchial muscle and thus should be innervated by CNIX or CNX (Didier, 1995; Anderson, 2008) . We did observe the innervation by CNX, but were unable to confirm whether this muscle receives innervation from other nerves. Therefore, we consider the protractor dorsalis pectoralis, retractor latero-ventralis pectoralis and retractor mesio-ventralis pectoralis as trunk muscles, and that the association between the CNX and the protractor dorsalis pectoralis in holocephalans is probably secondary due to the relatively anterior position of the muscle close to the vagal fibres.
Cucullaris
The cucullaris is part of the true branchial muscles, but not branchial muscles sensu stricto because it suspends the pectoral girdle (Table 3 ; Edgeworth, 1935; Diogo & Abdala, 2010) . The cucullaris is perhaps the most puzzling element of vertebrate muscles (Diogo & Abdala, 2010) . Assuming that the cucullaris is somitic in origin, Kusakabe & Kuratani (2005) suggested that cyclostomes have no muscles that correspond with the cucullaris of gnathostomes. Kuratani (2008a) and Sambasivan et al. (2011) largely follow that assessment, but both note topographical similarity between the cucullaris of gnathostomes and the 'infraoptic muscles' of lampreys. Kusakabe, Kuraku & Kuratani (2011) suggest that these 'infraoptic' muscles of lampreys are the precursors of the cucullaris, based on the observation that the 'infraoptic muscles' derive from the anterior somites. However, the 'infraoptic muscles' appear to refer to different muscles among these authors. Three muscles occur ventral and posterior to the eye in lampreys: subocularis, cornealis and probranchialis. The subocularis is omitted from the infraoptic muscles in Kuratani (2008a) , but is included as one along with the cornealis and probranchialis in Kusakabe et al. (2011) .
In most gnathostomes, the cucullaris and its derivatives typically receive innervation from CNXI (accessory nerve) (Edgeworth, 1935) . But these muscles may be partly or entirely innervated by the cervical spinal nerves in some taxa (e.g. skates; Boord & Sperry, 1991) as expected for a trunk muscle. In tetrapods, the cucullaris derivatives (e.g. trapezius and sternocleidomastoideus) at least partly develop from somites (Köntges & Lumsden, 1996; Matsuoka et al., 2005; Noden & Francis-West, 2006; Piekarski & Olsson, 2007; Shearman & Burke, 2009 ). However, the connective tissues of the cucullaris and its homologues in gnathostomes have multiple origins: branchial arch neural crest cells, somite and lateral plate (Shearman & Burke, 2009; see below) .
Based on our ontogenetic studies of gnathostomes such as salamanders, frogs and zebrafish, we consider the cucullaris as a true branchial muscle that largely develops from the anlage for the true branchial muscles (Diogo & Abdala, 2010) and then extends posteriorly to assume a trunk muscle-like position and function (Matsuoka et al., 2005) . Likewise, many true branchial muscles and hyoid muscles have partial contributions from somites in tetrapods (notably amphibians), which include the constrictor laryngis, the dilatator laryngis, the levatores arcuum branchialium and the interhyoideus (Piekarski & Olsson, 2007) . Therefore, the somitic origin of some myoblasts alone does not rule out the possibility of a non-trunk muscle. The somitic contribution may even be a general condition. Lineage tracing in transgenic mice supports our conclusion: a vagal stream of the neural crest cells extends with the trapezius myoblasts and form tendons and the spine of the scapula (e.g. Noden & Schneider, 2006) . These cell movements and associations imply that the pectoral girdle originally evolved in close association with the head. Furthermore, the position of the accessory nucleus in the ventral horn of the spinal cord is consistent with the more cranial branchiomotor nuclei (Wilson-Pauwels et al., 2002; Butler & Hodos, 2005) . However, neural crest is not necessary to maintain connectivity of the endochondral shoulder girdle to the skull in salamanders (Epperlein et al., 2012) . The contribution of the neural crest to the endochondral shoulder girdle may have arisen de novo in mammals.
Nevertheless, mutant phenotypes in mice support the branchial identity for the trapezius and other derivatives of the cucullaris. Myogenic differentiation in the branchial muscles is regulated by Pitx2 and Tbx1 upstream of the myogenic regulatory factors Myf5 and Myod, whereas Pax3 mediates Myf5 and Myod expression in the somitic mesoderm (Ericsson, Knight & Johanson, 2013) . Pax3:Myf5 double mutant mice lack all somitic-derived muscles, including some tongue and infrahyoid muscles, but the trapezius and sternocleidomastoideus are present as in other head and branchial muscles (Tajbakhsh et al., 1997) . Tbx1 mutant mice corroborate the branchial identity of the trapezius and sternocleidomastoideus via loss of function, because the trapezius and the sternocleidomastoideus are absent along with other branchial muscles, and because somite-derived limb muscles are unaffected (Theis et al., 2010) . Human patients with DiGeorge syndrome have point mutations in TBX1 and show phenotypes similar to in Tbx1 mutant mice. Intriguingly, these patients also display sloping shoulders due to small shoulder and pectoral muscles (Ericsson et al., 2013) . The trapezius and sternocleidomastoideus receive cells from an Isl1-expressing lineage specific to the posterior region of the cranial mesoderm, which also contributes to other branchial muscles (Theis et al., 2010) .
New gross anatomical observations and comparisons also support the cucullaris and its derivatives as true branchial muscles. In adult selachians such as Squalus, a single, continuous cucullaris develops from the branchial muscle plate (Edgeworth, 1935) and attaches to both the dorsal surface of the branchial arches and the posterior surface of the pectoral girdle. In holocephalans, the cucullaris also develops as in selachians but splits into the superficial and deep bundles (Edgeworth, 1935) . In batoids, the cucullaris develops only from the dorsal portion of the last branchial muscle plate, often forming a single muscle that then divides during ontogeny into three bundles (Edgeworth, 1935) : a inner bundle extending to the suprascapula, a middle bundle extending to the scapula and an external bundle extending to the branchial arches. Osteichthyans have two main homologues of the chondrichthyan cucullaris: (1) the protractor pectoralis (or its derivatives such as trapezius and sternocleidomastoideus, usually innervated by CNXI) develops exclusively or mainly from the last branchial muscle plate and inserts onto the pectoral girdle; and (2) the levatores arcuum branchialium develops from the dorsal portion of the branchial muscle plate and extends to the dorsal surface of the branchial arches (absent in amniotes) (reviewed by Diogo & Abdala, 2010) .
There is little support for Kesteven's (1942) description of the levatores arcuum branchialium as thin structures over the dorsal surface of the branchial arches in some selachians (Mustelus and Orectolobus), batoids (Dasyatis) and holocephalans (Callorhynchus and Hydrolagus), and as even thinner and seemingly vestigial structures in other selachians and batoids (Squalus and Leucoraja). Didier (1987 Didier ( , 1995 did not recognize these muscles in holocephalans, and suggested that: (a) some of the levatores arcuum branchialium sensu Kesteven (1942) correspond to part of the cucullaris profundus; and (b) others correspond to part of the epibranchial muscle subspinalis. However, these proposed synonymies are questionable because Kesteven (1942) distinguishes the subspinalis, the cucullaris and the levatores arcuum branchialium in chondrichthyans. An intriguing aspect of Kesteven's (1942) description is the innervation of levatores arcuum branchialium in chondrichthyans by 'spinal' nerves, whereas those in osteichthyans are mainly innervated by nerves CNX and/or CNIX. This curious discrepancy -coupled with the failure to repeat Kesteven's observation by us and other authors -questions the presence a distinct levatores arcuum branchialium in chondrichthyans. The levatores arcuum branchialium sheet described by Lightoller (1939) corresponds to part of the cucullaris, although it cannot be ruled out that Kesteven's levatores arcuum branchialium is part of the epibranchial musculature (Didier, 1995) or even part of the trunk musculature.
It is more parsimonious to assume that the levatores arcuum branchialium were acquired in osteichthyans (one step) than to consider that they were acquired in the LCA of gnathostomes and then lost in chondrichthyans (two steps). The plesiomorphic condition for gnathostomes is thus probably an undivided cucullaris attached to both the pectoral girdle and the dorsal portion of the branchial arches. In osteichthyans, the cucullaris became divided into a protractor pectoralis and the levatores arcuum branchialium. More stem-ward (basal) than either of these groups, placoderms (extinct stem gnathostomes with jaws) had a dermal neck joint capable of vertical rotation between the skull and trunk armor. A movement along the plane of the joint implies elevator and depressor muscles (Trinajstic et al., 2013 and references therein) . Based on the preserved muscular tissues and osteological correlates of the attachment sites, placoderm arthrodires such as Compagopiscis are reconstructed with a cucullaris, a levator arcus palatini, parts of the branchiales constrictores, a levator capitis major and minor, and hypobranchial muscles (Johanson, 2003; Sanchez et al., 2013; Trinajstic et al., 2013) . The cucullaris appears to have inserted medially to the dermal pectoral girdle or to the anterior dorsolateral plate . The branchial arches are rarely mineralized or preserved in placoderms. Therefore, it remains unresolved whether the cucullaris of these fishes also attached to branchial arches as in chondrichthyans. As for the levator capitis, the reconstructed element would have involved in-head elevation and may represent an epibranchial muscle . Its superficial position is consistent with the epibranchial muscles of cyclostomes, whereas the epibranchial muscles are deep and restricted to the branchial region in chondrichthyans (Edgeworth, 1935) . Elasmobranchs have separate muscles in the position of the levator capitis of placoderms (e.g. protractor dorsalis pectoralis), which are considered trunk muscles in the present work but may alternatively be epibranchial muscles.
Coracobranchiales
The coracobranchiales are puzzling muscles. They connect the pectoral girdle and the branchial arches on the ventral side of the body and receive the innervation from spinal nerves and/or CNX. Two interpretations exist in the literature: (1) the coracobranchiales/ pharyngoclaviculares are branchial muscles derived from the ventral part of the branchial muscle plates (Edgeworth, 1935) ; and (2) the coracobranchiales of gnathostomes correspond to the interbranchiales of cyclostomes (Mallatt, 1996) . The coracobranchiales (or their derivatives) are always innervated, partly or entirely, by CNX. It is only in chondrichthyans that spinal innervation from the cervical plexus occurs (Edgeworth, 1935) . Edgeworth (1935) considered the spinal innervation in chondrichthyans as a secondary condition. However, this interpretation rests on two confounding factors: (a) Edgeworth (1935) arbitrarily used dipnoans as a reference taxon; and (b) Edgeworth (1935) named the coracobranchiales as 'hypobranchial cerebral' muscles, even though he consistently and unambiguously included the coracobranchialis in the branchial muscles. Based on his detailed anatomical study of holocephalans, Didier (1995) contradicted Edgeworth's hypothesis and suggested that the innervation by CNX is a more derived state within chondrichthyans. More recently, Anderson (2008) supported the branchial nature of the coracobranchiales in chondrichthyans, and further suggested a homology between the chondrichthyan coracobranchiales and the osteichthyan pharyngoclaviculares.
As for Mallatt's (1996) hypothesis about the homology between the chondrichthyan coracobranchiales and the cyclostome interbranchiales, these two groups of muscles have no similarity in attachments and functions (Johanson, 2003) . Therefore, four hypotheses that are not necessarily mutually exclusive remain to be tested: (1) the coracobranchiales are gnathostome neomorphs (as defended in the present work and shown in Table 3 ); (2) the coracobranchiales have yet unidentified homologues in cyclostomes; (3) the coracobranchiales were lost in cyclostomes; and (4) the coracobranchiales are hypobranchial muscles (Wiley, 1979a, b) .
Epibranchial muscles
The epibranchial muscles develop from the anterior myotomes and migrate into the head (Edgeworth, 1935) . Based on the spinal innervation, Edgeworth (1935) recognized the interpharyngobranchiales and subspinalis in selachians and holocephalans as the only epibranchial muscles present in extant gnathostomes. Our dissections of selachians support Marion's (1905) interpretation of the subspinalis as the first interpharyngobranchial muscle. Kesteven (1942) described the epibranchial muscles (the interpharyngobranchiales) in batoids such as Dasyatis, although the muscles are reduced to fibrous structures in Raja. However, it is probable that the muscles are absent in this group (Miyake et al., 1992) . Regardless of whether batoids have any epibranchial muscle, the presence in holocephalans, selachians and cyclostomes suggests that the LCA of extant vertebrates probably had an epibranchial musculature.
HYPOBRANCHIAL MUSCLES (TABLE 4) The hypobranchial muscles are mid-ventral elements that arise in the anterior myotomes, migrate into the head below the pharynx and retain the spinal innervation (Edgeworth, 1935) . Both cyclostomes and gnathostomes have a hypobranchial musculature. The coracoarcualis is present in the elasmobranchs (Miyake et al., 1992; Motta et al., 1997 Motta et al., , 2008 . In H. colliei, the sternohyoideus originates from the coracoid and the fascia of the coracomandibularis. Therefore, either: (1) the coracoarcualis was present in the LCA of chondrichthyans and secondarily lost in holocephalans; or (2) the coracoarcualis evolved in elasmobranchs via fusion of the sternohyoideus and coracomandibularis. Although the latter hypothesis is more parsimonious, it remains unresolved whether the absence of the coracoarcualis in H. colliei represents a general holocephalan condition. The probable presence of the coracoarcualis in placoderms favours the former hypothesis (Johanson, 2003) . The coracomandibularis and coracohyoideus of elasmobranchs in Adams (1919) are misidentified hyoid muscles innervated by CNVII (see his pages 64-66).
CONCLUSIONS
The numbers of individual muscles in hagfish Myxine glutinosa, the lamprey Petromyzon marinus, the holocephalan Hydrolagus colliei, the selachian Squalus acanthias, and the batoid Leucoraja erinacea are, respectively, 24, 26, 7, 5 and 6 for the mandibular muscles; 4, 0, 4, 3 and 6 for the hyoid muscles; 3, 76, 16, 27 and 28 for the branchial muscles; and 3, 1, 2, 3 and 4 for the hypobranchial muscles (Tables 1-4) . We draw the following conclusions from these counts: (1) a small number of mandibular muscles of the holocephalan, selachian and batoid taxa have comparable counterparts in the cyclostome taxa, probably with an increase of muscles in cyclostome evolution; (2) P. marinus lacks hyoid muscles innervated by CNVII at the adult stage (at the larval stage, the constrictor prebranchialis is innervated by CNVII according to Miyashita, 2012) , which probably represents a change within the lamprey lineage; (3) a smaller number of the branchial muscles in M. glutinosa and a larger number of branchial muscles in P. marinus relative to those of the gnathostome taxa suggest loss/reduction in hagfish and an increase in lampreys; (4) the number of distinct hypobranchial muscles does not markedly differ between the comparative taxa. The large numbers of mandibular muscles in hagfishes and lampreys relative to those in gnathostomes are a potential synapomorphy of cyclostomes, although independent evolution in each of these lineages cannot be ruled out.
The comparative analysis infers that the LCA of the living vertebrates had a great number of muscles still present in the living taxa (Tables 1-4) . As for the adductores branchiales and interbranchiales (missing in hagfishes and osteichthyans), it is more parsimonious to consider that they appeared independently in lampreys and chondrichthyans (two steps) than to assume a common origin and independent loss in hagfishes and osteichthyans (three steps). However, developmental and palaeontological insights into the pharyngeal muscles of invertebrate chordates and early vertebrates are needed to test this hypothesis.
The muscles inferred for the LCA of extant Gnathostomata are therefore: intermandibularis anterior, intermandibularis posterior, adductor mandibulae A2, levator arcus palatini and at least some labial muscles; interhyoideus, adductor arcus palatini and constrictor hyoideus dorsalis; constrictores branchiales, coracobranchiales, at least some epibranchial muscles and a cucullaris; and coracomandibularis and sternohyoideus. The probably plesiomorphic gnathostome state for the cucullaris is a single bundle of true branchial muscle innervated by CNXI and inserted exclusively onto the pectoral girdle. The cucullaris splits into multiple bundles in batoids and holocephalans toward the adult stage. The general evolutionary trend seen in vertebrates towards a greater separation between the head and pectoral girdle later culminated in the separation of the cucullaris into the protractor pectoralis and levatores arcuum branchialium in osteichhtyans and finally in the formation of the tetrapod neck with sternocleidomastoideus and trapezius derived from the protractor pectoralis.
